Abstract: Efficient removal of fine dust from the exhaust gas is useful to reduce the harm to human health or 7 minimize materials waste. A circumfluent cyclone (CFC) was designed to improve gas-solid separation 8 efficiency and lower pressure drop compared to common cyclone separators. In this work, the flow pattern 9 and the velocity distribution in a CFC was investigated. Commercial computational fluid dynamics software 10 was used to simulate the 3D-gas-flow field using the Reynolds stress model (RSM). The simulation results
Introduction

A C C E P T E D M A N U S C R I P T
Numerous studies have shown that many factors can affect the separation performance of separators, 1 such as the geometric structure and dimension of a cyclone separator (Liu et al., 2018) , particles size and 
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Based on the idea, we have designed a novel cyclone separator, called circumfluent cyclone (CFC), which 1 has two differences in configuration compared with a conventional cyclone: (1) a concentric internal cylinder 2 is installed in the main cylinder, and (2) the inlet duct is located at the bottom of the shell in the CFC rather 3 than at the upper section in the conventional one. In our previous work (Wang et al., 2010) , we reported the 4 structure and separation performance of CFC. Our experimental results showed that the CFC had a higher 5 separation efficiency and a lower pressure drop than the common one. It is well known that the velocity 6 distribution and the flow pattern in a cyclone are closely related to its performance (Hsu et al., 2014) . In 7 order to understand the separation mechanism, we focus on the flow pattern and the velocity distribution in 8 the CFC in this work.
9
Numerical simulations have been widely used to predict the flow field characteristics inside a cyclone 
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In the present work, commercial computational fluid dynamics (CFD) software (FLUENT 14.0) was used 1 to simulate the flow pattern and the velocity profiles of CFC. The computational investigation on the effect 2 of the angle of the cone was also conducted.
3
Experimental setup 4
The main configuration of a CFC is shown in Fig. 1 (a, b) . The cyclone's main dimensions are shown in 5 Table 1 . There are two configuration differences between a CFC and a conventional cyclone. One is that the 6 CFC has an inner cylinder, which is situated in the main cylinder and plays a major role in the collection of 7 fine particles. The other one is that the inlet duct is located at the bottom of the main cylinder in the CFC,
8
rather than at the upper part in a conventional cyclone.
9
The experiment procedure was that the fly ash in the feed hopper was blown into the gas pipe by 
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1 where ρ is the fluid density, U is the fluid mean velocity, and the subscripts i denote direction. For the 2 turbulent flow in the cyclones, the RSM was used in this study. The Reynolds stress transport equations is 3 written as
where u is the fluid fluctuating velocity. The two terms on the left-hand side are the partial time derivative of 6 stress and the convective transport term, respectively. And the first and the second terms on the right-hand 7 side are the stress diffusion terms, while the others are the stress production term, the pressure strain and 8 the dissipation term in sequence. 
Particle equation of motion 10
To calculate the trajectories of particles in the flow, the discrete phase model (DPM) was used to track 11 individual particles through the continuum fluid. The particle loading in the cyclone separator is typically 12 small (less than 12% volume fraction). Therefore, it can be safely assumed that the presence of the particles 
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where p u is the particle velocity, ρ is the fluid density, p  is the density of the particle, and D F is the drag 18 force, defined as
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where μ is the molecular viscosity of the fluid, p D is the particle diameter, and D C is the drag force 1 coefficient for the particles, and the Reynolds number Re is
3
In FLUENT, the drag coefficients for spherical particles and non-spherical particles are calculated using 4 the different correlations developed by Alexander and Levenspiel (Inc, 2005) . The virtual mass force, the 5 Basset force, the Saffman force, the Brownian force and the Magnus force can be neglected since the 6 particles has a much larger density than the gas phase. Once the particle velocity field is calculated from the 7 force balance discussed above, the trajectories of all the particles can be obtained using the following 8 equation:
10
The collection efficiency was obtained by releasing a specified number (about 1140) of monodispersed
11
particles at the inlet of the CFC and monitoring the number escaping through the outlet (Jiao et al., 2008) .
12
Collisions between the particles and walls of the CFC were assumed to be perfectly elastic. The other one with the fly ash particles flows into the annular space between the inner cylinder and the 9 main cylinder, and continues to flow downward to the cone zone, in which the air is further separated from 10 the dust. Thus, the CFC provides a new separation approach differencing from that in a common cyclone.
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Results and discussion
11
The time-averaged static pressure decreases radially from the wall to the centre. A low-pressure zone 
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The difference is that two vortex motions all move up in the main cylinder, rather than the outer vortex 16 moving down and the inner vortex moving up as in a common cyclone (Wang et al., 2006 ).
18
Shortened gas flow path in CFCs 19
Figs. 4(a) and (b) show the sketch map of the flow pattern in the CFC and in a common cyclone,
20
respectively. As shown in the figure, the gas (Q in ) flows into the inner cylinder (zone A in Fig. 4 ) and comes
21
together with the flow (Q 2 ) from the cone, then spirals upwards in the CFC. The upward flow separates into 22 two parts around the bottom of the vortex finder. The major part Q out (see Fig.4 (a) ), about 78% (= significant, up to roughly 38% of the inlet flow rate, which escapes from the separator through the vortex 10 finder inlet in a common cyclone separator (Xu et al., 2016) . Fig. 5(a) shows the gas flow in the CFC vortex 11 finder. Most clean gas enters the vortex finder, while the gas containing particles moves to zone B (see Fig.   12 
4(a)
). There is little shortcut flow in the CFC separator. This indicates that the CFC can reduce the shortcut 13 flow rate, prevent particle entrapment in the vortex finder, and thus enhance the collection efficiency. (Hamdy et al., 2017) . The main cause should be that cone zone has an important contribution for the 1 pressure drop in a common cyclone, while it has a relative less effect in the CFC, due to the path difference 2 of the main gas flow in the two kinds of cyclones. at the conical zone, the tangential and axial gas velocities also increase. However, the increase rate of the 13 tangential velocity is less than that of the axial component due to the former being almost inversely 14 proportional to the radius, while the latter is roughly inversely proportional to the square root of the radius.
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Thus, the centrifugal force and the axial component force on the particle all increase, but the former 16 increases less. The particle will move up when the axial component force is larger than the sum of the gravity 17 and the axial component of the gas drag force. If the axial component force is equal to the sum of the gravity 18 and the axial component of the gas drag force, the particle will keep spinning at a certain height (Wang et al., 19 2006 ). However, a small amount of 1μm-diameter particles also keep spinning at a certain height. And very 20 few 2μm-diameter particles would escape from the outlet. 
